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Available online 20 September 2013HSP70 protein is involved in Leishmania differentiation, apoptosis, antimony-resistance and
host-immune response. Therefore, this protein and the regulatory mechanisms of HSP70 gene
expression are promising targets for therapeutic intervention against leishmaniasis. The
regulation of mRNA expression in trypanosomatids operates mostly through the interaction of
trans-acting proteins, and elements located in the untranslated regions of mRNAs. The aim of
this work was to identify protein factors interacting specifically with the Leishmania braziliensis
HSP70 mRNAs. Thus, the 5′ UTR and the two types of 3′ UTRs (UTR-I and UTR-II) from
L. braziliensisHSP70 geneswereusedas baits in pull downassaysusing total protein extracts from
parasites cultured at 26 or 35 °C. The captured proteins were resolved by two-dimensional gel
electrophoresis (2-DE) and identified bymass spectrometry (MS) analysis. As a result, 52 different
proteins were identified based on their binding to the L. braziliensis HSP70-mRNAs. As expected,
several of the identified proteins were related to RNAmetabolism (27%) and translation process
(7%). In addition, fivehypothetical conservedproteinshavingmotifs relatedwithRNA interaction
were also identified (9.6%). Nevertheless, unexpected proteins, apparently unrelated to the
mRNA expression, were also identified. The biological significance of these and others
L. braziliensis detected proteins, including the HSP70 itself, is discussed.
Biological significance
For the first time, a riboproteomic analysis of the proteins interacting with the untranslated
regions of the heat shock protein 70 (HSP70) mRNA from Leishmania braziliensis was carriedKeywords:
Leishmania braziliensis
HSP70 protein
HSP70 UTRs
mRNA expression regulation
Mass spectrometry
Pull-downnder the terms of the Creative Commons Attribution-NonCommercial-No DerivativeWorks
distribution, and reproduction in any medium, provided the original author and source are
024; fax: +57 1 3208320x4021.
a.edu.co (C.A. Ramírez), mda_3000@yahoo.es (M.A. Dea-Ayuela), dgutierr@farm.ucm.es
.es (F. Bolas-Fernández), jmrequena@cbm.uam.es (J.M. Requena), cpuerta@javeriana.edu.co,
thors. Published by Elsevier B.V. All rights reserved.
125J O U R N A L O F P R O T E O M I C S 9 4 ( 2 0 1 3 ) 1 2 4 – 1 3 7out. This work provides new insights related to protein factors putatively involved in the
regulation of HSP70 gene expression in L. braziliensis, and thereby, contributes to a better
understanding of the parasite biology, and ultimately to the development of novel
therapeutic interventions for controlling the important diseases caused by this parasite.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
Parasites of the genus Leishmania are the etiological agent of
leishmaniasis, a spectrum of clinical manifestations ranging
from self-healing cutaneous lesions (CL), mucosal lesions
(MCL) to fatal visceral infections (VL) [1]. Endemic leishman-
iasis transmissions have been reported in 98 countries on 5
continents, more than 350 million people are considered at
risk of contracting leishmaniasis, and some 2 million new
cases occur yearly [2]. In Latin America, CL and MCL are
neglected public health problems endemic in 22 countries.
Many species of the subgenus Viannia cause the majority of
CL cases, whereas MCL is principally caused by Leishmania
(Viannia) braziliensis [3].
During its digenetic life cycle, the Leishmania parasite must
face a heat shock when transmission from the environmental
temperature found in the insect vector to the mammalian-host
temperatures. As a result, the heat shock response is induced,
playing the heat shock proteins (HSPs) important roles in the
adaptation process, influencing the developmental change from
promastigotes in sandflies to amastigotes in mammalian hosts
[4–10]. HSP70 has been described as one of the pivotal protein
responsible for this response, acting as chaperone preventing
the formation of non-specific protein aggregates and assisting
proteins in the acquisition of their native structures. Indeed, it
has been suggested that rather than the heat by itself, HSP levels
are responsible for the induction of the differentiation process
[11]. Recent studies have also demonstrated that the knockdown
by antisense oligonucleotides of the Leishmania donovani HSP70
induces programmed cell death and causes cell-cycle defects
[12]. Moreover, disruption of the HSP70-II gene from Leishmania
infantum causes a deleterious effect on the growth, morphology,
and virulence of parasite promastigotes [13]. On the other
hand, overexpression of HSP70 protein has been observed in
antimony-resistant isolates of several Leishmania species,
indicating that this increased expression level confers protec-
tion against the metal [14–16]. Also, as HSP70 is abundantly
secreted to the extracellular medium and it elicits strong
antibody responses and behaves as a potent immunogen, it
was dubbed as chaperokine, term coined to denote its role as
immunomodulator for the immune system [10,11]. Overall,
these data highlight the essential role played by HSP70 protein
in Leishmania virulence, pointing to this gene or the factors
regulating its expression as promising targets for therapeutic
interventions.
Two classes of HSP70 genes, HSP70-I and HSP70-II, sharing
the 5′ untranslated region (UTR) and the coding region but
differing in their 3′UTR,havebeendescribed in several Leishmania
species [17–19]. In general, these genes are arranged in a single
genomic cluster that contains severalHSP70-I copies, followed by
one HSP70-II copy. In L. infantum, it has been demonstrated that
whereas HSP70-I mRNAs accumulate in response to heat shock
treatment, and are translated at both 26 and 37 °C, HSP70-IImRNAs do not show a temperature-dependent accumulation,
but showpreferential translationatheat shock temperatures [17].
In trypanosomatids,most gene transcription is polycistronic
and gene expression is controlled by post-transcriptional
mechanisms relying on the modulation of mRNA processing,
mRNA stabilization/destabilization, mRNA half-life, translation
efficiency or post-translational modifications [20–21]. In this
regard, the study of the cis-regulatory sequences and the
trans-acting factors involved in these mechanisms are of the
utmost importance.
As a variety of regulatory sequences have been located in
both the 5′ and 3′ mRNA untranslated regions (UTRs) [22–27],
we prompted this study with the aim of identifying protein
factors interacting specifically with the L. braziliensis HSP70
mRNAs. Thus, the 5′ UTR and the two types of 3′ UTRs (UTR-I
and UTR-II) from L. braziliensis HSP70 genes were used as baits
for pull down assays using total protein extracts from parasites
cultured at 26 or 35 °C. The captured proteins were resolved by
two-dimensional gel electrophoresis (2-DE) and identified by
mass spectrometry (MS) analysis.2. Materials and methods
2.1. Parasite cultures
Promastigotes of L. braziliensis (MHOM/BR/75/M2904) were
cultured in vitro at 26 °C in Schneider's insect medium (Sigma
Aldrich, Inc., St. Louis, MO, USA) supplemented with 20%
heat-inactivated fetal calf serum (FCS) (Eurobio, Inc., Les Ulis,
France), and 0.1 μg/mL of 6-Biopterin (Sigma Aldrich, Inc., St.
Louis, MO, USA). For heat shock treatments, 10 mL-aliquots
of L. braziliensis promastigote cultures at logarithmic phase
(5–9 × 106 promastigotes mL−1) were transferred into 50 mL
flasks, and incubated four hours at 35 °C.
2.2. PCR amplification of HSP70 and α-tubulin UTR
templates for in vitro transcription
For amplification of the untranslated regions (UTRs) of
L. braziliensis HSP70 gene, the following clones were used:
pLbHSP70-5B containing the 5′ UTR, pTLb3HSP70-D for the 3′
UTR-I and pLb3H70-11B for the 3′ UTR-II [19]. The UTRs of
L. braziliensis α-tubulin mRNA were used as control; they were
derived from clone pLb5αTub-D, containing the 5′ UTR, and
clone pLb3αTub-C6, with the 3′ UTR [28]. The aforementioned
clones were used as templates in PCR reactions. In order to
include the T7 promoter sequence in the 5′ end of each
amplification product, a set of specific oligonucleotides were
designed. Thus, the T7SL primer (5′ TAATACGACTCACTATA
GGGCGCTATATAAGTATCAGTTTC 3′) together with either
the LH70-CATrw primer (5′ GCGCCCTCGAACGTCAT 3′) or
the LaT-CATrw primer (5′ TGCAGATAGCCTCACGCAT 3′) were
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For the 3′ UTR amplification, the Oligo dT25 primer (IDT, Inc.,
San Jose, CA, USA) together with the T7HSP70 primer (5′
TAATACGACTCACTATAGGGTCGAGGAGGTCGACTA 3′) or the
T7aTUB (5′TAATACGACTCACTATAGGGACGTCGAGGAGTACTA
3′) were used to amplify the 3′ UTRs of HSP70 genes or the
α-tubulin 3′ UTR, respectively. The T7 transcription initiation site
is underlined in each oligonucleotide sequence. The following
PCR reaction mixture was used for all amplifications in a final
volume of 50 μl: 1× reaction buffer (10 mM Tris–HCl pH 9.0,
50 mM KCl, 0.1% Triton X-100), 1.5 mM MgCl2, 0.4 mM of dNTP
mix, 0.5 μM of each primer (except for Oligo dT25 primer which
was used at 0.8 μM), 1 M betaine, 0.06 units per μl of expand high
fidelity enzyme (Roche, Inc., Mannheim, Germany) and 0.25 ng/μl
of each plasmid DNA. For amplification of the 3′ UTR-I region, it
was necessary to add 2 mM MgCl2 and 1.5 M betaine in the
reaction mix. An MJ Research PTC-100 DNA thermocycler was
used for the PCR reactions with the following amplification
profile: 95 °C/5 min (initial denaturation), 5 cycles of 92 °C/
0.5 min, annealing at 52 °C/0.5 min and extension for 72 °C/
1 min, 35 cycles of 92 °C/0.5 min, annealing at 57 °C/0.5 min and
extension for 72 °C/1 min, with a final incubation at 72 °C for
10 min. All the amplified fragments were resolved in agarose
gels and visualized under UV exposure after ethidium bromide
staining (Supplementary Fig. 1A).
2.3. In vitro transcription of HSP70 and α-tubulin UTRs
Each PCR product (Supplementary Fig. 1A), obtained as
mentioned above,was purified separately andused as template
in an in vitro transcription reactionwith theMEGAscript®T7kit
according tomanufacturer's instructions (Ambion, Inc., Carlsbad,
CA, USA). Afterwards, the transcription products were treated
with RNAse free-DNAse and the RNAs purified by the TRIZOL
reagentmethod (Invitrogen, Inc., Carlsbad, CA,USA). Briefly, 20 μl
of the in vitro transcription reaction were brought to 100 μl with
DEPC treated water plus 400 μl of TRIZOL reagent and 100 μl of
chloroform. After 2 min of manual agitation by tube inversion,
themixture was centrifuged for 5 min, and the supernatant was
precipitated with 500 μl of isopropanol. RNA concentration was
measured by using a NanoDrop 2000 (Thermo Scientific, Inc.,
Wilmington,DE,USA) equipment andall RNAswerevisualized in
1.5% (w/v) low electroendosmosis agarose/MOPS/formaldehyde
gels (Supplementary Fig. 1B).
2.4. Preparation of parasite protein extracts
L. braziliensispromastigoteswere cultured in Schneider'smedium
as above indicated, and protein extracts for two types of
pull-down assays differing in the assay astringency (low and
high), were obtained. For the low astringency pull-down assay,
protein extracts were prepared as follows: 7 × 108 logarithmic
phase promastigotes were collected by centrifugation and
washed once in cold PBS. The cellular pellet was lysed in 5 ml of
a solution containing 10 mM HEPES (pH 7.4), 10 mM KCH3CO2,
1.5 mM Mg(CH3CO2)2, 2.5 mMDithiothreitol (DTT) and a protease
inhibitor cocktail (Sigma Aldrich, Inc., St. Louis, MO, USA); the
sample was homogenized by 30 strokes using glass beads.
Finally, cellular debris were eliminated by centrifugation at
10.000 g for 10 min [29]. For the high astringency pull-downassay, parasites were lysed in 0.1× PBS (13.7 mM NaCl, 0.27 mM
KCl, 1 mM Na2HPO4, 0.2 mM KH2PO4) containing a protease
inhibitor cocktail (Roche, Inc., Mannheim, Germany). Protein
concentration was determined by Bradford assay according to
manufacturer's instructions using BSA as standard (Bio-Rad, Inc.,
Hercules, CA, USA). Glycerol (final concentration of 10%) was
added to theprotein extracts, and theywere stored at−80 °Cuntil
use.
2.5. Pull-down assays
Low and high astringency pull-down assays were designed in
order to capture the proteins interacting with 5′ and 3′UTRs of
L. braziliensis HSP70. In parallel, control experiments were
performed in which the 3′ UTR of L. braziliensis α-tubulin gene
was used as bait. Taken advantage of the fact that the 5′ UTRs
have at their 5′ end the SL sequence (5′ CGCTATATAAGTA
TCAGTTTC3′), 0.1 μg/μl RNA corresponding to each 5′UTRwere
bound to 0.7 mg Streptavidin MagneSphere® Paramagnetic
Particles (Promega, Inc., Madison, WI, USA) using 0.1 μM
3′-biotinilated LbSLrw primer (5′ GAAACTGATACTTATATA
GCG 3′ Biot) in a total volume of 300 μl of a 0.5× SSC (75 mM
NaCl, 7.5 mMNa3C6H5O7) solution. For 3′UTRs, 0.15 μg/μl of the
corresponding RNAs were bound to 0.5 mg oligo-dT dynabeads
(Dynal Invitrogen, Inc., Carlsbad, CA, USA). After RNA bead
binding at room temperature (RT) during 15 min, RNA in excess
was washed with 1× binding buffer (10×: 100 mM Tris–HCl pH:
7.5; 1 M KCl; 20 mM MgCl2). For low astringency pull-down
assays, proteinmixture contained: 0.7× binding buffer, 0.8 μg/μl
of L. braziliensis soluble protein (3.46 mg of protein for each RNA
bait), 1 mMPMSF, 0.1%protease inhibitor cocktail (SigmaAldrich,
Inc., St. Louis, MO, USA), 0.06 U/μl RNAse inhibitor (Invitrogen,
Inc., Carisbad, CA, USA), and 100 ng/μl yeast tRNA as RNA
competitor. For the high astringency pull-down assay, binding
buffer and protein concentrationwas increased to 1× and 4.6 mg
for each RNA bait, also 100 ng/μl yeast tRNA and 100 ng/μl of
Vero cells total RNA were added as RNA competitors; in this
assay, the Roche protease inhibitor cocktail was employed. In
both pull-down assays, after protein binding to the RNA bait at
RT for 20 min, awash stepwith 10 mMTris–HCl (pH = 7.5), 0.1 M
KCl and 0.5 mM MgCl2 was performed, followed by a second
wash with 10 mM Tris–HCl (pH 7.5), and 0.5% CHAPS zwitter-
ionic detergent (3-[(3-cholamidopropyl) dimethylammonio]-
1-propanesulfonate), and four washes with the 2-DE protein
sample buffer (200 mM urea, 50 mM thiourea, 0.25% CHAPS,
5 mM CO3K2). Afterwards, proteins bound to the RNA bait
were eluted in a rehydration buffer consisting of 7 M urea,
2 M thiourea, 2% CHAPS, 1% immobilized pH nonlinear
gradient (IPG) buffer (pH: 3–11), 0.002% bromophenol blue,
and 18.15 mM DTT. For each pull-down assay, both α-tubulin
UTR RNAs and beads without RNA bait were used as controls
for determining non-specific captured proteins. The obtained
proteins were immediately used for Isoelectric focusing (IEF).
All the experiments and conditions were performed in
triplicate.
2.6. Two dimensional gel electrophoresis
The L. braziliensis eluted proteins from pull-down assays were
applied to 11 cm immobilized pH nonlinear gradient (IPG) gel
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After rehydration (16 h at 20 °C), IEF was performed using the
Ettan IPGphor 3 system (GE Healthcare, Upsala, Sweden) at
20 °C using the following protocol: 500 V step and hold 1 h;
1000 V, 1 h; 6000 V, 3 h; 200 V step and hold ∞. After that, the
samples on strips were reduced and alkylated by shaking
them for 15 min in 5 ml of a solution containing: 75 mM Tris–
HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, and 64.85 mM of
DTT. Afterwards, samples were incubated for 20 min in the
same buffer solution, excepting for the DTT, whichwas replaced
by 135.16 mM iodoacetamide. IPG strips were transferred to a
Criterion TM XT Bis-Tris precast 4–12% polyacrylamide gel
(Bio-Rad, Cat. 345-0126), run on XT MOPS buffer (Bio-Rad, Inc,
Hercules, CA, USA) in a Criterion electrophoresis chamber
(Bio-Rad, Inc, Hercules, CA, USA), by 150 volts (V) for 1.5 h.
2.7. Gel staining and image analysis
Each gel was stained with G-250 Coomassie blue (Bio-Rad, Inc,
Hercules, CA, USA) as follows: two washes for 20 min each in a
solution containing 50% ethanol and 2% phosphoric acid; two
washes for 20 min each in a 2% phosphoric acid solution,
followed by incubation in the staining solution: 15% (NH4)2SO4,
2.5% phosphoric acid, 20% methanol, and Coomassie G-250 at
0.1% solubilized inmethanol. After staining, the gelswere faded
in 2.5% phosphoric acid solution. Two-dimensional gel images
were digitized from gels using a calibrated LabScan 6 scanner
(GE Healthcare, Upsala, Sweden) with 300 dpi resolution and
the generated images were analyzed with the ImageMaster
2-DE platinum 6.0 software. The authenticity and outline of
each spot were validated by visual inspection and editedwhere
necessary. A virtual gel was created using three replicas of each
sample. The differentially expressed spots were identified
according to its presence/absence in paired gels of pull-down
assays. Firstly, HSP70 and α-tubulin pulled-down protein gels
were compared with the 2-DE gel obtained in the pull-down
assay without RNA bait (beads without RNA) upon the same
conditions of astringency and protein extracts. Common spots
were excluded for further analyses. Next, those spots present in
gels derived from HSP70 and α-tubulin pulled-down assays
protein gels were also dismissed. Finally, those spots that
appeared in the HSP70-UTR pull-down 2-DE gels, but not in
the two control assays (beads without RNA or α-tubulin RNA
bait) were subjected to MALDI-TOF analysis. In the low
astringency assay minimal area for spots detection was
selected as 0.6 mm2, and in the high astringency assay
minimal area was 1.2 mm2.
2.8. Protein digestion, mass spectrometry and database
search
Protein spot identified in 2-DE gels that were present in
Leishmania braziliensis HSP70 RNA UTR regions but absent in
controls (no relevant RNA or without RNA), were excised for
in-gel digestion for further MS analysis at the Genomics and
Proteomics Facility of the Universidad Complutense (Madrid,
Spain).
In-gel digestion of the proteins was performed as described
previously [30]. The MS spectra were provided by the AB Sciex
4800plusMALDI-TOF/TOFmass spectrometer. The combinedMSand MS/MS peak lists were searched using the GPS™Explorer
software version 3.6 (AB Sciex). The MASCOT version 2.2
(http://www.martixscience.com) was used as the search
engine for protein identification against the NCBI non redun-
dant proteins. Initial search parameters were as follows: Cys as
S-carbamidomethyl derivative and Met in oxidized form,
trypsin digestion with one missed cleavage site was allowed,
peptide mass tolerance set at 80 ppm, and MS/MS tolerance of
0.3 Da.
As supplementarymaterial,weare providing: representative
2-DE gel images for each experimental condition (Supplemen-
tarymaterial 1),MSspectra for eachoneof the identified protein
spots (Supplementary material 2), and the observed masses of
the peptides derived from each spot (Supplementary material
3). The MS data are provided according to the Minimum
Information about a Proteomics Experiment (MIAPE) reporting
guidelines (http://www.psidev.info/node/91), produced by the
Proteomics Standards. Additional experimental details can be
consulted in the link: http://estrellapolar.cnb.csic.es/proteored/
MIAPE/MIAPE_Imprime_MS.asp?pmID=7186&pmRestriccion=
1&pmCodigoAcceso=d5ef068f&pmIDUsuario=3865.
2.9. In silico protein classification
The L. braziliensis HSP70-UTR binding proteins captured by pull
down/2-DE assays and identified by mass spectrometry were
subjected to functional pathway analysis using Blast tool from
KEGG (Kyoto Encyclopedia of Genes and Genomes) http://
www.genome.jp/tools/blast/ [31] and PANTHER (Protein ANal-
ysis THrough Evolutionary Relationships) software, version 7
http://www.pantherdb.org [32]. When these tools failed to
assign a function for a given protein, the putative biological
function was inferred after orthologous identification in the
Trypanosoma brucei database (http://www.genedb.org/Homepage/
Tbruceibrucei927).3. Results
3.1. Identification of proteins bound to the UTRs
of L. braziliensis HSP70 mRNA at normal and heat
shock temperature
In order to identify potential proteins acting as HSP70
regulatory factors, a low and a high astringency RNA/protein
pull-down assays with L. braziliensis soluble proteins using
either the L. braziliensis HSP70 5′ UTR or the two types of HSP70
3′ UTRs as baits were carried out. As controls we included the
α-tubulin UTR regions as baits and beads without RNA bait.
Only those spots exclusively found in the pull-down assays
with HSP70 UTRs were further analyzed. As shown in Table 1,
a total of 71 spots were selected from the low astringency
experiment. Of note is that, whereas the majority of spots
(90.1%) were identified in protein extracts from parasites
cultured at 26 °C, only a few of them were obtained when
protein extracts derived fromparasites submitted to heat shock
treatment (Table 1). According to the UTR used as probe, the
maximumpercentage of spots, 54.9%, was obtainedwhen the
5′ UTR was used, followed by the 3′ UTR-I, 18.3%, the 3′
UTR-II, 12.7%, and 14.1% of spots were common to both types
Table 1 – Number of selected and identified spots according to the UTR used as probe in the low astringency, pull-down
experiment.
26 °C 35 °C Both temperatures
Total Identified Total Identified Total Identified
5′ UTR 33 23 6 4 39 27 (26)
3′ UTR-I 13 12 0 0 13 12 (8)
3′ UTR-II 9 6 0 0 9 6 (6)
3′ UTR-I and 3′ UTR-II 9 6 1 1 10 7 (7)
Total 64 47 7 5 71 52 (40)
The number of spots corresponding to different proteins is indicated in parentheses.
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associated with the 5′ UTR or the 3′ UTRs are shown in Figs. 1
and 2.Fig. 1 – Two-dimensional gel electrophoresis of L. braziliensis prot
Panels A to D correspond to assays using protein extract from pa
assays with protein extracts prepared from parasites incubated
indicated by circles. A) Spot 1275 (red circle), corresponds to the
circle) to the putative eukaryotic translation initiation factor 5 (Lb
putative replication factor A (LbrM.28.1990); C) Spot 1586 (red cir
(LbrM.32.2400); D) Spot 1130 (red circle), corresponds to the ATP-
(red circle), corresponds to the elongation factor 2 (LbrM.35.0270);
protein (LbrM.34.2640), and spot 206 (blue circle), to the putative
circle), corresponds to the conserved hypothetical protein LbrM.2
left, respectively.With the aim of narrowing the number of obtained spots,
we conducted a second pull-down assay (followed by 2-DE and
MS identification too) using more astringent conditions duringein spots recovered after pull-downwith the LbHSP70 5′ UTR.
rasites cultured at 26 °C, whereas panels E to G correspond to
at 35 °C for 4 h. Spots analyzed by mass spectrometry are
elongation factor EF-1α (LbrM.17.0090), and spot 1401 (blue
rM.20.0320); B) Spot 1350 (red circle), corresponds to the
cle), corresponds to the conserved hypothetical protein
dependent RNA helicase putative (LbrM.34.3010); E) Spot 95
F) Spot 191 (red circle), corresponds to the galactokinase-like
UDP-glucose 4′-epimerase (LbrM.33.2590); G) Spot 248 (red
7.1360. pI and Mw data are indicated on the top and on the
Fig. 2 – Two dimensional gel electrophoresis of L. braziliensis proteins captured by binding to the two types of LbHSP70 3′ UTRs:
UTR-I andUTR-II. For the results shown in the figure, protein extracts fromparasite cultured at 26 °Cwereused. Spots analyzed by
mass spectrometry are indicated by circles. A) Spots 608 of the 3′UTR-I (red circle) and 580 of the 3′UTR-II (red circle) corresponds to
the putative eukaryotic initiation factor 4α (LbrM.01.0740), and spot 414 of the 3′UTR-II (blue circle) corresponds to the hypothetical
protein LbrM.30.3080; B) Spot 484 of the 3′ UTR-II hypothetical protein LbrM.25.2210 and C) Spot 291 of the 3′ UTR-II hypothetical
protein LbrM.29.2190. pI and Mw data are indicated on the top and on the left, respectively.
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selection (see materials and methods for particular details).
In this experiment, only 44 spots were selected. However, in
contrast to the first experiment (low astringency), a larger
number of spots could be selected in protein extracts from
parasites cultured at 35 °C. Again, the maximum percentage
of spots, 68.2%, was obtained when the 5′ UTR was used
(Table 2), followed by the 3′ UTR-II (18.2%), and the 3′ UTR-I
(13.6%).
3.2. Proteins identified in the pull-down assays
Altogether, frombothpull-downassays, 115 spotswere selected
(Tables 1, 2). After MALDI-TOF or MALDI-TOF/TOF analyses,
spectra for 78 of them could be obtained. Finally, MASCOT
searches allowed the identification of 52 different proteins. TheTable 2 – Number of selected and identified spots according to
experiment.
26 °C
Total Identified Total
5′ UTR 21 12 9
3′ UTR-I 0 0 6
3′ UTR-II 6 3 2
Total 27 15 17
The number of spots corresponding to different proteins is indicated in pidentified proteins were submitted as a query to the KEGG,
PANTHER or TriTrypDB databases in order to obtain functional
information and protein classification clues (Tables 3-6). As a
result, the 52 different proteins (Fig. 3) were classified in the 9
functional groups shown in Fig. 4. 34% of these proteins,
such as the elongation factor 1α (LbEF-1α, LbrM.17.0090),
the elongation factor 2 (LbEF-2, LbrM.35.0270), the initiation
factor 4A (LbIF4A, LbrM.01.0740), the translation initiation
factor 5 (LbIF5, LbrM.20.0320), the poly(A)-binding proteins
(LbPABP2, LbrM.34.4130 and LbPABP3, LbrM.25.0080), and the
putative initiation factor 3 subunit K (LbIF3.K, LbrM.32.2400),
among others, were related to RNA metabolism and transla-
tion. This finding was considered as a confirmation that
the pull-down assays resulted in a specific enrichment of
RNA interacting proteins. Moreover, EF-1α was recovered in
both pull-down assay conditions.the UTR used as probe in the high astringency, pull-down
35 °C Both temperatures
Identified Total Identified
7 30 19 (14)
4 6 4 (3)
1 8 4 (4)
12 44 27 (21)
arentheses.
Table 3 – Protein Identified from soluble extract of parasites associated with LbHSP70 5′ UTR.
PEa Spot GeneDB ID Putative function Mwb PI c MALDI-TOF
Mascot
Protein classification
Scored SC%e
261 1128 LbrM.17.0090 Elongation factor EF-1α 49 9.13 93 37 RNA transport f
261 1130 LbrM.34.3010 ATP-dependent RNA helicase, putative 94.85 6.15 72 20 RNA helicase activityh
261 1140 LbrM.35.0270 Elongation factor 2 95.04 5.79 72 23 Translationg
261 1142 LbrM.22.1440 Putative alanyl-tRNA synthetase 106.5 5.72 137 25 Aminoacyl-tRNA
biosynthesis f
261 1172 LbrM.35.2630 Putative dipeptidyl-peptidase 8-like serine peptidase 95.1 5.59 64 18 Proteolysisg
261 1206 LbrM.32.0470 Putative ATP-dependent RNA helicase 66.32 9.1 58 18 RNA helicase activityh
261 1275 LbrM.17.0090 Elongation factor EF-1α 49.4 9.03 77 34 RNA transport f
261 1284 LbrM.17.0700 Conserved hypothetical protein 60.7 5.09 148 42 Undetermined
261 1286 LbrM.20.4890 Putative serine/threonine protein phosphatase 2A
regulatory subunit
65.24 6 67 27 lbz03015 mRNA
surveillancef
261 1295 LbrM.35.7280 Putative T-complex protein 1, theta subunit 58.88 5.24 117 15 Protein foldingg
261 1336 LbrM.28.2630 Putative vacuolar ATP synthase subunit b 55.84 5.29 70 22 Oxidative
phosphorylationf
261 1350 LbrM.28.1990 Putative replication factor A 52.38 5.9 89 34 DNA replicationf
LbrM.33.0920 Beta-tubulin 49.75 4.71 55 30 Cytoskeleton
261 1361 LbrM.21.0400 Putative mitochondrial processing peptidase alpha
subunit
51.72 7.77 203 48 Proteolysisg
261 1378 LbrM.16.0570 Putative orotidine-5-phosphate decarboxylase/orotate
phosphoribosyltransferase
50.02 9.14 93 33 Pyrimidine metabolismf
261 1401 LbrM.20.0320 Putative eukaryotic translation initiation factor 5 43.57 8.45 57 18 RNA transport f
261 1405 LbrM.27.1920 Putative glycosomal phosphoenolpyruvate
carboxykinase
58.95 8.51 89 28 Glycolysis/
Gluconeogenesis f
261 1457 LbrM.33.2210 Putative phosphoribosylpyrophosphate synthetase 39.71 7.14 62 34 Purine metabolismf
261 1522 LbrM.13.0200 Alpha tubulin 50.39 4.89 62 19 Cytoskeleton
261 1542 LbrM.13.0200 Alpha tubulin 50.4 4.9 76 25 Cytoskeleton
LbrM.28.1520 Putative haloacid dehalogenase-like hydrolase 31.79 5.15 72 38 Amino acid biosynthetic
processh
261 1586 LbrM.32.2400 Conserved hypothetical protein (translation initiation
factor 3 subunit K)
26.59 5.54 109 66 Translationg
261 1631 LbrM.23.1970 Cytochrome c oxidase subunit V 22.37 6.21 55 46 Oxidative
phosphorylationi
261 1652 LbrM.13.1440 Ubiquitin-conjugating enzyme-like protein 16,26 5.93 124 67 Proteolysisg
261 1663 LbrM.20.5530 Putative calpain-like cysteine peptidase 15.05 5.3 83 18 Proteolysisg
262 68 LbrM.26.1880 Hypothetical protein, conserved 97.5 4.8 62 19 G2/M transition of
mitotic cell cycle i
262 77 LbrM.31.2460 Hypothetical protein, unknown function 53.2 7.64 57 14 Undetermined
262 119 LbrM.13.0200 Alpha tubulin 50.4 4.9 121 24 Cytoskeleton
262 137 LbrM.17.0090 Elongation factor EF-1α 49.4 9.03 110 41 RNA transport f
262 144 LbrM.28.2990 Heat-shock protein hsp70, putative 50.57 5.25 60 23 Protein foldingg
262 179 LbrM.35.2870 Putative dihydrolipoamide acetyltransferase precursor 48.88 6.96 66 10 Glycolysis/
gluconeogenesis f
262 192 LbrM.33.2630 Succinyl-coA:3-ketoacid-coenzyme A transferase,
mitochondrial precursor, putative
53.9 7.88 68 33 Valine, leucine and
isoleucine degradationf
262 210 LbrM.28.2620 Putative 2-oxoglutarate dehydrogenase, E2 component,
dihydrolipoamide succinyltransferase
41.98 9.14 117 24 Citrate cycle (TCA cycle) f
262 215 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 56 31 RNA bindingi
262 225 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 164 60 RNA bindingi
262 310 LbrM.20.2140 Conserved hypothetical protein 22.01 9.25 106 52 Nuclear mRNA splicingg
351 95 LbrM.35.0270 Elongation factor 2 95.04 5.79 57 19 Translationg
351 191 LbrM.34.2640 Galactokinase-like protein 53.56 6.49 58 23 Galactose metabolismf
351 206 LbrM.33.2590 Putative UDP-glucose 4′-epimerase 43.6 6.1 179 43 Galactose metabolismf
351 248 LbrM.27.1360 Conserved hypothetical protein 35.65 5.89 81 24 RNA transport f
352 352 LbrM.35.2250 Chaperonin HSP60, mitochondrial precursor 59.76 5.34 67 21 RNA degradationf
352 363 LbrM.28.1990 Putative replication factor A 52.69 5.88 196 40 DNA replicationf
352 401 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 183 69 RNA bindingi
352 405 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 234 69 RNA bindingi
352 437 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 77 35 RNA bindingi
352 441 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 173 26 RNA bindingi
352 446 LbrM.15.0320 Putative ribonucleoprotein p18, mitochondrial
precursor
21.69 6.74 98 77 RNA bindingi
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Table 4 – Protein identified from soluble extract of parasites associated with LbHSP70 3′ UTR-I.
PEa Spot GeneDB ID Putative function Mwb PIc MALDI-TOF
Mascot
Protein
classification
Scored SC%e
261 211 LbrM.11.0800 Putative pyruvate phosphate dikinase 101.31 8.8 78 20 Pyruvate metabolism f
261 245 LbrM.32.0470 Putative ATP-dependent RNA helicase 66.32 9.1 85 26 RNA helicase activity h
261 380 LbrM.32.0470 Putative ATP-dependent RNA helicase 66.32 9.1 226 44 RNA helicase activity h
261 385 LbrM.32.0470 Putative ATP-dependent RNA helicase 66.32 9.1 172 36 RNA helicase activity h
261 411 LbrM.32.0470 Putative ATP-dependent RNA helicase 66.32 9.1 120 25 RNA helicase activity h
261 456 LbrM.27.1920 Putative glycosomal phosphoenolpyruvate
carboxykinase
58.95 8.51 77 26 Glycolysis/Gluconeogenesis f
261 508 LbrM.33.2630 Succinyl-coA:3-ketoacid-coenzyme A
transferase, mitochondrial precursor, putative
53.9 7.88 62 26 Valine, leucine and isoleucine
degradation f
261 516 LbrM.21.0310 Putative hexokinase 52.19 8.89 86 33 Glycolysis/Gluconeogenesis f
261 523 LbrM.17.0090 Elongation factor EF-1α 49 9.13 64 33 RNA transport f
261 563 LbrM.32.0470 Putative ATP-dependent RNA helicase 66.32 9.1 412 42 RNA helicase activity h
261 588 LbrM.25.0080 Putative poly(A)-binding protein 3 62.36 9.21 144 27 RNA metabolic process g
261 608 LbrM.01.0740 Putative eukaryotic initiation factor 4A 45.3 5.73 200 21 RNA transport f
352 86 LbrM.28.1990 Putative replication factor A 52.38 5.9 57 24 DNA replication f
352 123 LbrM.09.0410 Protein kinase, putative 26.2 9.38 70 41 Protein amino acid
phosphorylation g
352 60 LbrM.28.2990 Heat-shock protein HSP70, putative 71.57 5.4 71 14 Protein folding g
352 130 LbrM.23.0850 Putative mitochondrial RNA binding protein 39.86 9.33 78 37 RNA binding i
See footnotes of Table 3.
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specifically bound to the 3′ UTR-I (LbIF4a, LbrM.01.0740;
putative protein kinase, LbrM.09.0410; pyruvate phosphate
dikinase, LbrM.11.0800; putative hexokinase, LbrM.21.0310
and LbPABP3, LbrM.25.0080), six to the 3′ UTR-II (hypothetical
protein SCD6.10, LbrM.25.2210; putative cystathione gamma
lyase, LbrM.34.3140; the conserved hypothetical proteins,
LbrM.29.2190 and LbrM.30.3080; heat shock protein HSP110
putative, LbrM.18.1400; glycosomal glyceraldehyde 3-phos-
phate dehydrogenase, LbrM.30.2950) and twenty six to the 5′
UTR (Fig. 3, see Supplementary Table 1).
Additionally, it is important to mention that some proteins
showed interaction withmore than one UTR. For instance, the
EF-1α showed interaction at 26 °C with the 5′ UTR and the 3′
UTR-I. The EF-2 was captured with the 3′ UTR-II at 26 °C and
with the 5′ UTR at 26 °C and 35 °C. Of note, the putative
replication factor 1 (RpaI), the putative ATP-dependent RNA
helicase, the putative dihydrolipoamide acetyltransferase
precursor protein and the HSP70 were found interacting with
Table 3 (continued)
PE a Spot GeneDB ID Putative function
Notes to Table 3:
1 or 2. Experiment in which the protein was identified: low (1) or high as
a (Protein extract). Temperature of culturing L. braziliensis promastigotes
b Approximate molecular weight of the identified spot.
c Approximate isoelectric point from identified spots.
d Mascot score.
e Mascot percentage of sequence coverage.
f KEGG Pathway.
g Biological process found by Panther.
h Molecular function found by Panther.
i Inferred function from T. brucei orthologous.all the HSP70 UTRs. In addition, the RpaI also showed
interaction at 35 °C with the 5′ UTR and the 3′ UTR-I.
On the other hand, even after increasing the astringency of
the pull-down assay in the second experiment, we captured
proteins involved in protein, amino acid or nucleotide metab-
olism, energy metabolism, DNA replication and cell cycle.
Apparently, this could be the result of experimental background
in the way that the real bound-RNA proteins could capture
other proteins not necessarily implicated on the regulation of
HSP70 expression. However, taking into account that a
slightly higher percentage of non-RNA related proteins was
identified in the high astringency pull-down experiment
(57.1%, 12 out of 21) than in the low astringency assay (50%,
20 out of 40) and four of these non-RNA related proteins
(alpha-tubulin, succinyl-coA 3-ketoacid-coenzyme, putative
dihydrolipoamide acetyltransferase precursor and RpaI) were
captured in the two pull-down assays, it might be possible that
these apparently non-RNA-related proteins may be involved in
RNA regulatory processes. Unexpected RNA-binding proteinsMwb PI c MALDI-TOF
Mascot
Protein classification
Scored SC%e
tringency (2).
before protein extracts (PE) preparation.
Table 5 – Protein Identified from soluble extract of parasites associated with LbHSP70 3′ UTR-II.
PEa Spot GeneDB ID Putative function Mwb PIc MALDI-TOF
Mascot
Protein classification
Scored SC%e
261 108 LbrM.35.0270 Elongation factor 2 95.04 5.79 86 24 Translation g
261 414 LbrM.30.3080 Hypothetical protein, conserved 36.4 6.42 120 46 Undetermined
261 484 LbrM.25.2210 Hypothetical protein SCD6.10 i 32.15 9.49 114 52 RNA catabolic process g
261 570 LbrM.28.1990 Putative replication factor A 52.69 5.88 152 8 DNA replication f
261 89 LbrM.34.3010 ATP-dependent RNA helicase, putative 94.85 6.15 137 18 RNA helicase activity h
261 291 LbrM.29.2190 Conserved hypothetical protein 54.42 5.35 101 14 Cell cycle g
262 117 LbrM.34.3140 Cystathione gamma lyase, putative 45.15 6.31 86 15 Amino acid metabolism g
262 52 LbrM.18.1400 Heat shock protein HSP110, putative 92.5 5.27 93 20 Protein folding g
262 56 LbrM.30.2950 Glyceraldehyde 3-phosphate dehydrogenase, glycosomal 39.4 9.03 134 22 Glycolysis g
352 427 LbrM.28.2990 Heat-shock protein HSP70, putative 46.97 5.29 88 12 Protein folding g
See footnotes of Table 3.
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Sacharomyces cerevisiae [33].
On the other hand, it is noteworthy that some proteins like
α-tubulin, the EF-1α, the putative ATP-dependent RNA helicase,
and the putative mitochondrial RNA binding protein were
recovered from several spots in the same assay (see Supple-
mentary Table 2).
In addition, 9 out of the 52 identified spots corresponded to
proteins previously annotated ashypothetical. Thus, this study,
apart from confirming their expression, may be indicating a
probable function in RNA metabolism and hopefully in the
regulation of HSP70mRNA expression.
Finally, 46 out of the 52 identified proteins (88.5%) have not
been previously reported in a proteomic analysis of L. braziliensis,
confirming here, for the first time, their expression (see Supple-
mentary Table 2).4. Discussion
The posttranscriptional regulation of mRNA is pivotal for
controlling gene expression in trypanosomatids [21,34]. This
control of gene expression at RNA level is ruled by mRNA
features that contribute to its maturation, stability and
translation [21,35]. Most mapping efforts for identifying RNATable 6 – Protein Identified from soluble extract of parasites ass
PEa Spot GeneDB ID Putative function
261 220 LbrM.23.0700 Ubiquitin-activating enzyme e1, putative
261 312 LbrM.03.0170 ABC transporter protein, putative
261 318 LbrM.32.0470 Putative ATP-dependent RNA helicase
261 320 LbrM.20.4990 Vesicle-fusing ATPase, putative
261 351 LbrM.34.4130 Poly(A)-binding protein 2, putative
261 502 LbrM.35.2870 Putative Dihydrolipoamide
acetyltransferase precursor
351 127 LbrM.34.0040 Pyruvate kinase
See footnotes of Table 3.cis-elements in Leishmania and trypanosomes have shown
that post-transcriptional and translational regulation operates
through sequence elements located mostly at the UTRs.
Regarding translational regulation, the 3′ UTRs have pivotal
roles, recruiting the specific transacting factors [21], whereas the
5′ UTRs, although also involved, seem to play a secondary role
[21,24,36]. Posttranscriptional or translational control results
from specific RNA/protein interactions [37]. Identification and
characterization of RNA binding proteinswould be the next step
in the process of characterizing the regulatory mechanisms of
gene expression in Leishmania; on the other side, these studies
might lead to the discovery of new targets for drug design to
combat leishmaniasis. With these objectives, we have designed
pull-down assays to determine RNA/protein interactions in-
volved in the mRNA metabolism of L. braziliensis HSP70, a very
relevant protein for this parasite.
This is the first riboproteomic analysis of HSP70/UTR
interacting proteins reported in L. braziliensis. In this work,
52 different proteins were identified on the basis of their
binding to the HSP70 UTR sequences. As expected, many of
the 5′ UTR-interacting proteins are related to the translation
initiation and elongation steps. Thus, the putative eukaryotic
translation initiation factor 5 (LbeIF5) and the subunit K of the
eukaryotic putative initiation factor 3 (LbIF3.K), both compo-
nents from the translation initiation complex as well as theociated with LbHSP70 3′ UTR-I and 3′ UTR-II.
Mwb PIc MALDI-TOF
Mascot
Expf Protein classification
Scored SC%e
116.48 5.74 195 33 29 Ubiquitin mediated
proteolysis f
82.73 6.04 122 21 15 Translation g
66.32 9.1 508 55 38 RNA helicase activity h
81.69 5.66 274 51 36 Intracellular protein
transport g
64.57 8.94 110 22 14 RNA metabolic process g
48.88 6.96 107 15 7 Glycolysis/Gluconeogenesis f
46.6 5.42 63 34 11 Glycolysis g
Fig. 3 – Venn diagram of L. braziliensis HSP70 mRNA
interacting proteins identified in this study. A total of 52
different UTR-interacting proteins were identified: from
these, 36 proteins were found to be associated with the 5′
UTR, 18 with the 3′ UTR-I, and 17 with the 3′ UTR-II.
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were found associated to the 5′ UTR complexes. On the other
hand, those proteins interacting with the 3′UTRs, such as the
poly(A)-binding protein 2 and 3 (LbPABP2, LbPABP3), would be
involved in mRNA stabilization and translational control [21].
Also, as the two L. braziliensis HSP70 3′ UTRs are highly divergent
in sequence [19], it is not surprising that some of the identified
proteinswere found interacting exclusivelywith a particular UTR
region. In this regards, it is worthy to note that whereas the
LbPABP2 was found associated to both 3′ UTRs, the LbPABP3 was
only recuperated in pull-down assays in which the 3′ UTR-I was
used as bait. These findings point to the presence of UTR-specific
cis-elements interacting with these proteins, as it has beenFig. 4 – Functional categories of the L. braziliensis HSP70 UTR
RNA interacting protein identified by pull down/2-DE assays.
Pie chart was built with all different proteins. As was
aforementioned in methodology, proteins were subjected to
functional analysis through BLAST tool from KEGG,
PANTHER classification system or by comparison with
orthologous in T. brucei database.demonstrated for others trypanosomatid RNA-interacting pro-
teins [22–27]. Also, some proteins were found to be associated to
both 5′and3′UTRs. For example, the LbEF-1αwas foundattached
to the 5′ UTR and 3′ UTR-I, and the LbEF-2 was selected by its
binding to the 5′UTR and 3′UTR-II baits. Protein-interactionwith
more than one UTR could be explained by the translation “closed
loop model” [38], in which several proteins mediate the physical
bridging of 5′ and 3′ ends of the mRNA, thereby, interacting with
both the 5′ and 3′ UTRs.
A remarkable observation is that the number of 5′ UTR
interacting-proteins was greater than those identified based
on their specific interaction with the 3′ UTR-I and/or 3′ UTR-II.
This fact is somewhat surprising taking into account that the
3′ UTRs are larger than the 5′ UTR: the 5′ UTR sequence is 198
nucleotides in length, whereas the lengths of the 3′ UTR-I and
3′ UTR-II are 936 and 932 nucleotides, respectively [19].
However, as the HSP70 should be translated efficiently either
at normal and heat shock temperatures (during heat shock,
most of the mRNAs are not translated [17]), it is likely that 5′
UTR of L. braziliensis HSP70 mRNAs has sequences with high
affinity for translation initiation factors and other regulatory
proteins. Thus, for example, elements located at the 5′ UTR
of Drosophila HSP90 mRNA were described as essential for
preferential heat shock translation [39]. Also, the mRNA
encoding mammalian HSP70 possesses an internal ribosome
entry site (IRES) in its 5′UTR [40]. Additionally, for the Leishmania
amazonensis HSP83mRNAs, the 5′ UTR was found to be vital for
the translation initiation control at normal temperature as well
as during heat shock [36]. In summary, it is likely that the
Leishmania HSP70 5′ UTR is involved in controlling the transla-
tion initiation at both, normal and heat shock, temperatures,
and that different interacting proteinsmight be required at each
temperature.
The fact that more proteins were identified by their binding
to HSP70/UTRs in extracts from parasites incubated at 26 °C
than in extracts from parasites submitted to heat shockmay be
a reasonable result. As the RNA–protein interactions were done
in vitro, it is likely that as a consequence of theheat shock,most
of the HSP70mRNA regulatory proteins are forming complexes
with the endogenous HSP70 mRNAs, and there are few free
proteins able to bind the RNA baits. In this regards, the use of in
vivo strategies (by the use of an MS2 tethering approach or
similar) have the advantage that it allows the pull-down of
premade complexes, in contrast to the in vitro assays in which
the binding is restricted to the non-assembled, free polypep-
tides present in the protein extracts.
Thirty-four per cent of the identified proteins were related to
RNA metabolism (27%) and translation process (7%). For
instance, the EF-1α (LbrM.17.0090), which is an abundant protein
that besides its role in translation (in charge of delivering all the
aminoacyl-tRNAs to the ribosome), it has also been involved in
other cellular processes such as nuclear transport, cellular
organization, protein quality control, co-translational degrada-
tion and mitochondrial tRNA import [41,42]. The EF-2 is known
for its function in translocation of the ribosome along themRNA
during the translation process [43,44]. The LbEF-2 (LbrM.35.0270)
has 61.3% and 61.4% identity with that of S. cerevisiae and
humans, respectively. A protein belonging to the DEAD-box
family, the L. braziliensis homologue to the eIF4A (LbrM.01.0740),
was found attached specifically to the L. braziliensis HSP70 3′
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major, exhibits RNA-dependent ATPase and bidirectional RNA
helicase activities [45,46]. Additionally, it has been shown that
IF4A from Leishmania infantum or L. major interacts with the
eukaryotic initiation factor 4G (eIF4G) during the translation
process [47]. Moreover, L. infantum IF4A has been reported as an
inhibitor of the translationmachinery in yeast [47]. The putative
LbeIF5 (LbrM.20.0320) was found specifically attached to the
HSP70 5′UTR. The eIF5 is an important partner of the eukaryotic
initiation factor 2 (eIF2), modulating its function in several
critical steps during the initiation of the translation process [48].
The LbIF3.K (LbrM.32.2400) was found attached to the HSP70 5′
UTR. In yeast, the eIF3 has been involved in promoting
the recruitment of at least some mRNAs to the translational
apparatus, independently of the presence of eIF4G [49]. Also it
has been proposed that some subunits of eIF3 might help to
recruit specific subsets of mRNAs in stress conditions [49].
Although eIF3.K has not been found in yeast [50], the human
eIF3.K has the potential of RNA binding activity associated
with its helix-turn-helix (HTH) motif and it is also suggested
that it could act as a structural scaffold for protein-protein
and protein-RNA interactions [51].
The Leishmania genome encodes three poly(A)-binding
proteins (PABP1, PABP2, and PABP3), but only the first two are
conserved in Trypanosoma species [52]. Interestingly, whereas
LbPABP2 (LbrM.34.4130) was found attached to both types of
HSP70 3´ UTRs, the LbPABP3 (LbrM.25.0080) was only found
associated to the 3´UTR-I. Functional studies of theseproteins in
L. major have shown that whereas PABP2 performs essential
functions for cellular survival, PABP3 acts redundantly with
PABP2 or is required to complement its function [52]. Interest-
ingly, in Crithidia fasciculata, the PABP2 orthologous has been
found to be part of a complex that recognizes elements in the
UTRs of mRNAs whose levels vary periodically during the cell
cycle [53].
Conformational changes in complexes that contain RNA
play critical role in RNA regulatory processes. DEAD-box RNA
helicases drive these changes through ATP-dependent mech-
anisms that unwind RNA duplexes or disrupt RNA–protein
interactions [54]. In this work, one putative RNA helicase
(LbrM.32.0470), homologous to the Ded1p protein in S. cerevisiae
(42.5% identity) [54], was redundantly identified in the pull-down
assays with the different UTRs. It has been reported that Ded1p
can affect the translation initiation process by promoting it or
interfering with it [55,56]. Another putative RNA helicase
(LbrM.34.3010) was found associated to both the LbHSP70 5′
UTR and 3′ UTR-II. This helicase has 37.8% of sequence
identity with Ded1p in the C-terminal 604-residues, whereas
the N-terminal 256 amino acids sequence is divergent.
Unexpected, the putativemitochondrial RNA binding protein
(LbrM.23.0850), located in the parasite mitochondria [57], was
captured in both pull-down assays. Since the soluble protein
lysates used here could contain organelle proteins and this is a
RNA-binding protein, one can postulate that this is an artificial
interaction which does not occur in vivo. Also, the putative
replication factor 1 (LbRpaI; LbrM.28.1990) was identified in
pull-down assays with the different UTR baits. This protein has
been located in the parasite nucleus [58], and it can be postulated
a role for this protein during the nucleo-cytoplasmic transport of
the HSP70 RNAs. The α-tubulin (LbrM.13.0200) and β-tubulin(LbrM.33.0920), two other proteins that apparently do not have
relationwith gene expression regulation,were found specifically
bound to the HSP70 5′ UTR. Interestingly, recent evidences
suggest that the cytoskeleton participates in the spatial organi-
zation and regulation of translation [59].
The second most abundant group of proteins was related
to energy metabolism (21%), followed by protein metabolism
(19%). These were unexpected results, since these cytoplasmic
proteins do not possess known RNA recognition motifs or RNA
binding domains in their structures. However, in S. cerevisiae and
other organisms metabolic moonlight enzymes able of binding
to RNA sequences have been previously reported [33,60–62].
Indeed, an increasing number of moonlighting enzymes are
being describing in parasitic protozoa [63].
Remarkably, another captured protein that recalled our
attention was the regulatory subunit of the protein phospha-
tase 2A (PP2A, LbPR64/A, LbrM.20.4890), identified on the basis
of its specific binding to the LbHSP70 5′ UTR. This protein
belongs to a family of serine-threonine phosphatases that
play critical roles in cell cycle regulation, cell morphology and
development [64]. In humanA-431 cells, it has been reported that
the activity of PP2A increased when the HSP70 is overexpressed
[65]. Significantly, in plants, it has been suggested that PP2A is
involved in the adaptive responses elicited to counteract heat
stress [66]. Furthermore, in Trypanosoma cruzi, PP2A has been
found to be crucial for the transformationof trypomastigotes into
amastigotes [67]. Thus, it may be hypothesized that PP2A,
recruited by its affinity with Leishmania HSP70mRNAs, could act
dephosphorylating the eIF-2α, removing in turn the translational
block induced by the eIF-2α phosphorylation occurring
during heat shock. In fact, a translational control through
eIF-2α phosphorylation has been found to occur during the
L. infantum promastigote-to-amastigote differentiation [68].
Finally, as the HSP70 protein (LbrM.28.2990) was also found
associated to all the UTRs of HSP70 mRNAs, it is possible that
the HSP70 itself may be responsible of its own expression by
an autoregulatory mechanism through the interaction with
its coding mRNA [69]. In fact, EMSA assays using human
HSP70 protein (69.8% identity with L. braziliensis one) has shown
that this protein binds directly and specifically to U-rich RNA
substrates, like the AU-Rich Elements (AREs) [70]. Even more, it
has been found that human HSP70 protein also binds and
stabilizes endogenous ARE-containing mRNAs [71]. Neverthe-
less, given the chaperone function and “sticky”nature of HSP70,
it cannot be excluded the presence of this protein as an
accompanying factor of other RNA-binding proteins.
Tomake the picturemore interesting, besides demonstrated
for the first time, the physical existence of 46 proteins (which
have not been previously reported in any proteomic map of
L. braziliensis), we confirmed the expression of 9 hypothetical
proteins, 5 of which bear RNA binding motifs. Indeed, the
LbrM.29.2190, LbrM.30.3080, LbrM.32.2400, LbrM.25.2210, and
LbrM.20.2140 proteins have structural domains that may be
related with regulation of mRNA maturation [72], RNA nucleo-
cytoplasmic transport [73], stress granules formation [74],
enhance of translation [50,51], P-bodies formation [75] and
translational silencing [76], respectively (see Supplementary
Table 2). Consequently, further investigation addressing the
influence of these proteins on L. braziliensis HSP70 gene expres-
sion is warranted.
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In this work we have shown the usefulness of “pull-down”
coupled to 2-DE and mass spectrometry analyses to identify
putative RNA binding proteins. In the case of the L. braziliensis
HSP70 UTR-interacting proteins, herein an important number of
different putative HSP70-UTRs affinity proteins were identified,
underlining the complexity of the HSP70 expression regulatory
mechanisms. Most of the identified proteins, as expected, were
related to RNA metabolism and the translation process, includ-
ing several hypothetical conserved proteins, whose expression
had not been previously demonstrated. Future studies on the
roles of these putative HSP70 mRNA regulatory proteins in the
physiology of Leishmania parasites as well as in their pathogen-
esis will shed light on the gene expression mechanisms in this
parasite; this knowledge, in turn, will help to develop novel
therapeutic interventions.
Supplementary data to this article can be found online at
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